In addition to its known status as a disseminated disease in HIV-positive patients, Mycobacterium avium complex (MAC) is increasingly recognized as a causative pathogen of respiratory disease in HIV-negative patients. MAC is divided into Mycobacterium avium, and the less-epidemiologically studied Mycobacterium intracellulare. Genetic typing for M. intracellulare using variable number of tandem repeats (VNTR) has not yet been developed. The aim of this study was to identify VNTR loci in the genome of M. intracellulare and apply them as an epidemiological tool to clinical isolates. Here, we identified 25 VNTR loci on the M. intracellulare genome, of which 16 showed variations among clinical isolates in the number of tandem repeat motifs. Among the 74 M. intracellulare isolates, 50 genotypes were distinguished using the 16 VNTR loci, resulting in a Hunter Gaston's discriminatory index of 0.988. Moreover, all 16 VNTR loci were stable in different sets of isolates recovered within time intervals ranging from 2 to 1551 days from 14 separate patients. These results indicate that for use as epidemiological markers of M. intracellulare, the loci in this VNTR assay are highly discriminating and stable over time.
INTRODUCTION
Mycobacterium avium complex (MAC) is an opportunistic pathogen that causes human disease, and has been isolated from a variety of animal hosts and environmental sources such as soil, water and dust (Bauer et al., 1999; Dvorska et al., 2002; De Groote et al., 2006) . MAC is divided into two closely related organisms, Mycobacterium avium and Mycobacterium intracellulare (Inderlied et al., 1993) , which together account for more than 70 % of non-tuberculous mycobacterial disease in Japan. M. intracellulare is more frequently isolated from immunocompetent patients with pulmonary disease than from immunocompromised patients (Kyriakopoulos et al., 1997) . Furthermore, immunocompetent patients with MAC disease can be either chronically infected with a given strain and relapse after treatment due to reactivation, or be reinfected by a different strain after cure. Although direct infection from human-to-human contact is considered unlikely (Wolinsky, 1979) , and several studies have implicated drinking water or bathrooms as sources of MAC infection (von Reyn et al., 1994; Le Dantec et al., 2002; Nishiuchi et al., 2007) , the source of infection in humans has not yet been clearly identified. The establishment of an accurate and reliable technique for the epidemiological detection and typing of MAC strains is therefore of considerable clinical importance.
PCR-based techniques for the identification and typing of MAC strains have been previously described. Telenti et al. (1993) reported PCR amplification of the gene encoding a 65 kDa heat-shock protein (hsp65), followed by PCRrestriction enzyme analysis (PRA) to determine mycobacterial species, including M. avium and M. intracellulare, although only four genotypes of M. intracellulare have been distinguished using this technique (Prammananan et al., 2006) .
On the other hand, multilocus variable number of tandem repeats (VNTR) analysis (MLVA) has proven to be a rapid and highly discriminating subtyping method for several mycobacterial species (Stragier et al., 2005; Supply et al., 2006) . Moreover, in recent studies, Bull et al. (2003) , Thibault et al. (2007) and Inagaki et al. (2009) identified loci containing VNTR of specific mycobacterial interspersed repetitive units (MIRUs) in M. avium. However, no VNTR loci in M. intracellulare have yet been identified.
The aim of this study was to identify VNTR loci based on an intensive screening of tandem repeat (TR) loci in the M. intracellulare genome and to examine their epidemiological usefulness when applied to clinical isolates of M. intracellulare recovered from different patients.
METHODS
Bacterial strains. Reference strains (Mycobacterium intracellulare JATA52-01, derived from M. intracellulare ATCC 13950) were purchased from the Japan Anti-Tuberculosis Association. Ninetythree clinical strains, recovered from 74 HIV-negative patients with pulmonary disease, were identified as M. intracellulare using the Cobas Amplicor Mycobacterium Test (Roche Diagnostic Systems).
Preparation of genomic DNA. Clinical isolates of M. intracellulare were cultured at 37 uC for 1-3 weeks in 7 ml Middlebrook 7H9 liquid medium supplemented with 10 % oleic acid albumin-glucose-catalase enrichment, and 200 ml of this 7 ml was cultured for enrichment in 5 ml Mycobroth liquid medium (Kyokuto) to an OD 530 of 0.2. DNA was then extracted using InstaGene Matrix (Bio-Rad) according to the manufacturer's instructions.
hsp65-PCR-restriction enzyme analysis (hsp65-PRA). A 439 bp fragment of the hsp65 gene was amplified according to the procedure described by Telenti et al. (1993) , using primers Tb11 (59-ACCAA-CGATGGTGTGTCCAT-39) and Tb12 (59-CTTGTCGAACCG-CATACCCT-39), and then digested with BstEII or HaeIII (Takara Bio). After digestion, 12 ml of the restriction digest was loaded onto a 4 % agarose gel (E-gel; Invitrogen) and the gel was electrophoresed by the E-gel power system (Invitrogen). A 50 bp DNA Ladder (Invitrogen) served as an external molecular size marker. Fragments were visualized by ethidium bromide fluorescence, and lengths were calculated by Quantity One (Bio-Rad).
Selection of VNTR loci. The unfinished genome sequence of M. intracellulare ATCC 13950 (GenBank accession number ABIN01000000), which was obtained from the NCBI database (http://www.ncbi.nlm.nih.gov/genomes/lproks.cgi) and is presently being sequenced at McGill University, was screened for TRs using the Tandem Repeat Finder (http://tandem.bu.edu). Among the TRs found, several different loci were selected using the criteria of: (i) minimum repeat size of 50 bp, allowing differentiation of the polymorphic VNTR loci by size on agarose gels, and (ii) .90 % conservation between the TRs. The VNTR loci used and their characteristics are listed in Table 1 . Primers were designed utilizing Primer 3 software (http://frodo.wi.mit.edu/), and each primer was designed to anneal to the flanking regions of the TR. To confirm that each VNTR locus was different, VNTR sequences were compared with genome sequence data of M. intracellulare ATCC 13950 using BLASTN software.
Final selection of VNTR loci was based on the following criteria of Monteil et al. (2007) : (i) candidate loci with less than two different alleles were excluded, (ii) when two VNTR loci candidates were isomorphic, one was excluded, and (iii) the full band patterns had to be readable.
VNTR analysis. Mixtures were prepared containing template DNA (1 ml), dNTP mixture (2.5 ml), 106 PCR buffer (2.5 ml), each of the primer sets (both 12.5 mM), 1.25 U AmpliTaqGold (Applied Biosystems) and DMSO (Wako) to a final concentration of 4 %. Sterilized purified water was added, bringing the total volumes to 25 ml, and the mixtures were then subjected to PCR.
The PCR programme used consisted of an initial denaturing step at 95 uC for 10 min, followed by 38 cycles of denaturing at 94 uC for 30 s, annealing at 60 uC for 30 s, extension at 72 uC for 60 s, and a final extension step at 72 uC for 7 min. The amplified DNA products were subjected to electrophoresis on 2 % E-gel (Invitrogen) to determine their size in bp. Template DNA from M. intracellulare ATCC 13950 was used as a control in each experiment.
The estimated size of PCR products for the different alleles was deduced from the allele size range, and from the basic unit length. For units that remained incomplete, the calculated values were rounded down to the closest whole number; for example in VNTR-7 loci, (53 bp63)+38 bp units were considered as 3 repeat units (Fig. 1 ).
The allelic diversity of each VNTR locus was calculated using Selander's formula (Selander et al., 1986) and the discriminatory power of MLVA using Hunter and Gaston's formula (Hunter & Gaston, 1988) .
The PCR products obtained from various VNTR loci of M. intracellulare and clinical strains were purified using a GenElute PCR DNA Purification kit (Sigma-Aldrich), and direct sequencing analysis was performed with the same primers as used in the PCRs. Alignment of the nucleotide sequences was performed using the CLC Sequence Viewer 4.6.2 (CLC Bio).
Phylogenetic analysis. Phylogenetic analysis was estimated from Manhattan distance matrix data of the allele profiles of VNTR by Fitch-Margoliash criterion without an evolutionary clock using PHYLIP version 3.68c (Nishimori et al., 2002) .
RESULTS

Strain identification
All 93 isolates recovered from sputum were identified as M. intracellulare using the Cobas Amplicor Mycobacterium Test, and determined as M. intracellulare hsp65 allelic variant I using hsp65-PRA. Although these results were consistent with a previous report from Thailand that showed M. intracellulare hsp65 allelic variant I was the most predominant type among pulmonary specimen isolates (Prammananan et al., 2006) , there were no PRA profiles that matched the described patterns of non-M. avium or non-M. intracellulare.
In silico identification and selection of VNTR loci
At the time of this study, only one M. intracellulare genome sequence was available online, and using this, 25 loci were initially chosen after comparing the lengths of repeats (repeats of 50-70 bp), sequence identities (.90 % nucleotide sequence identity between repeats) and copy numbers (between two and five copies of the unit repeat). We focused on TRs of the mini-satellite class, defined by a repeat unit size in the range of 10-100 bp, as the corresponding allelic differences of these TRs can be easily resolved by agarose gel electrophoresis.
PCRs, however, gave no amplification or gave amplification of bands associated with TRs in several loci that were excluded from this study (data not shown). Moreover, we excluded the loci where an insertion sequence (ISMin1; DDBJ accession no. AB519649) was inserted downstream of the gene (see Supplementary Fig. S1 , available with the online version of this paper).
Accordingly, we selected 16 loci based on the three criteria described above; their characteristics, together with the primers used for PCR amplification, are given in Allelic diversity and distribution of VNTR allele numbers Table 2 shows the allelic diversity of various VNTR loci. The allelic diversity index (h) was used to evaluate allelic diversity of the various VNTR loci. Based on this study, nine VNTR loci 4, 6, 7, 8, 10, 11, 13 and 15) achieved a high diversity index (h.0.5). Five VNTR loci (VNTR-1, 3, 5, 12 and 14) had a medium diversity index (h,0.5), and VNTR-9 and 2 were the least discriminated loci (h ,0.1).
The discriminatory index of MLVA typing was calculated according to Hunter and Gaston's formula (Hunter & Gaston, 1988) , in which the closer the discriminatory index is to 1, the higher the discriminatory power of the method. The MLVA method identified 50 distinct genotypes, consisting of 17 clustered and 33 unique, from 74 representative isolates (Fig. 2) , giving a Hunter Gaston's Discriminatory Index for MLVA of 0.988.
Stability of the individual VNTR loci
The VNTR profile varied considerably among strains. We therefore explored the frequency of mobility in individual VNTR loci by examining changes in the VNTR pattern during repeated passages in vitro and between serial in vivo isolates recovered from 14 separate patients. 
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In order to assess the effect of in vitro passage, two M. intracellulare clinical strains were streaked on 7H11 agar plates and passaged 20 times over 180 days, with a single colony used for inoculation at each passage. After the passages, genomic DNA was extracted and these samples were subjected to VNTR analysis, in which the original cells and the passaged cells showed identical patterns. Furthermore, 14 sets of isolates that were recovered from the same patients at time intervals ranging from 2 to 1551 days were subjected to MLVA and showed identical VNTR profiles, again indicating the stability of the VNTR profiles (Table 3) .
DISCUSSION
VNTRs of the mini-satellite class are valuable markers for genotyping several mycobacterial species, including M. avium.
To our knowledge, this study is the first to perform an exhaustive screening of potential VNTR loci in this genome. This screening was based on in silico identification of TRs in the preliminary M. intracellulare genome and experimental testing of the polymorphism of the most interesting TR candidates using clinical M. intracellulare isolates.
This MLVA exhibited a diversity index value of 0.988, meaning that this method is highly informative, and hence possesses great discriminatory power for identification of genetically similar strains. Although these results were based on a limited number of samples and should therefore be considered preliminary, this MLVA showed a high discriminating power for the genetic diversity found in M. intracellulare strains.
With regard to other typing methods, the standard PFGE and restriction fragment length polymorphism methods are labour-intensive, take approximately 1 week to complete and require a large amount of DNA. In contrast, MLVA typing is a simple and highly reproducible procedure that can be performed with very little DNA and regardless of whether the bacteria are living or dead. It can be performed on mycobacteria killed by heat or alcohol, therefore reducing biohazards. PCR analysis and electrophoresis can be completed in just one day. Results are digital from the outset, simplifying the comparison of large numbers of strains.
In this study, we analysed the genotype stability of MLVA in M. intracellulare by using serial isolates from patients infected over long periods (up to 4 years). The 16 VNTR loci were identical within groups of serial isolates in all 14 cases. As these VNTR loci appear to be highly stable over a period as long as 4 years, they all appear suitable for reliable follow-up of patients chronically infected with M. intracellulare. Wallace et al. (1998) reported that isolates recovered after apparently successful drug therapy should be genotyped to distinguish between treatment failure and reinfection with another strain. The detection of changes in MLVA should therefore be useful in distinguishing between endogenous reactivation or exogenous reinfection. Griffith et al. (2006) and Prammananan et al. (2006) performed PRA of a 441 bp fragment of the hsp65 gene in M. intracellulare isolates from patients with chronic pulmonary disease. Griffith et al. (2006) found that all 47 M. intracellulare isolates belonged to M. intracellulare I, while Prammananan et al. (2006) found that 85 % of pulmonary specimen isolates were M. intracellulare I. The hsp65-PRA type that was present in all strains of M. intracellulare I in our study was the same as that in these studies (Griffith et al., 2006; Prammananan et al., 2006) . Our study and these studies (Griffith et al., 2006; Prammananan et al., 2006) indicate that M. intracellulare I may possess particular pathogenic characteristics favourable for chronically infecting the pulmonary system. The fact that all clinical strains were identified as hsp65 allelic variant I suggests, however, that hsp65-PRA may not have sufficient discriminatory power for the genetic variants found in M. intracellulare clinical strains.
In conclusion, this MLVA method based on VNTR polymorphism provided a rapid and highly discriminating assay for the genetic typing of M. intracellulare. In addition, because of the objectivity of the output, the data are amenable to automated computer analysis for easier comparison across laboratories, indicating that MLVA typing may be widely accessible to research and public health laboratories. Elucidation of the transmission routes and pathophysiology of M. intracellulare infection may consequently advance through the use of MLVA typing. V-1 V-2 V-3 V-4 V-5 V-6 V-7 V-8 V-9 V-10 V-11 V-12 V-13 V-14 V-15 V-16 1 4
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